In animals, liver and white adipose are the main sites for the de novo fatty acid synthesis. Deletion of fatty acid synthase or acetyl-CoA carboxylase (ACC) 1 in mice resulted in embryonic lethality, indicating that the de novo fatty acid synthesis is essential for embryonic development. To understand the importance of de novo fatty acid synthesis and the role of ACC1-produced malonyl-CoA in adult mouse tissues, we generated liver-specific ACC1 knockout (LACC1KO) mice. LACC1KO mice have no obvious health problem under normal feeding conditions. Total ACC activity and malonyl-CoA levels were Ϸ70 -75% lower in liver of LACC1KO mice compared with that of the WT mice. In addition, the livers of LACC1KO mice accumulated 40 -70% less triglycerides. Unexpectedly, when fed fat-free diet for 10 days, there was significant up-regulation of PPAR␥ and several enzymes in the lipogenic pathway in the liver of LACC1KO mice compared with the WT mice. Despite the significant up-regulation of the lipogenic enzymes, including a >2-fold increase in fatty acid synthase mRNA, protein, and activity, there was significant decrease in the de novo fatty acid synthesis and triglyceride accumulation in the liver. However, there were no significant changes in blood glucose and fasting ketone body levels. Hence, reducing cytosolic malonyl-CoA and, therefore, the de novo fatty acid synthesis in the liver, does not affect fatty acid oxidation and glucose homeostasis under lipogenic conditions.
knockout mice died during embryonic development (18) , ACC2 mutant mice live and breed normally, are leaner, have increased fatty acid oxidation, and resist becoming obese and insulinresistant when fed high-fat͞high-carbohydrate diets (19, 20) . The studies on ACC knockout mice suggested that ACC2-produced malonyl-CoA is involved in the regulation of fatty acid oxidation and that ACC1 produced malonyl-CoA is dedicated for de novo fatty acid synthesis (18) (19) (20) (21) .
The ACC1 and FAS knockout studies (18, 22) showed that the de novo fatty acid synthesis is essential during embryonic development. To understand the importance of de novo fatty acid synthesis and the role of ACC1-produced malonyl-CoA in adult mouse tissues, we generated tissue-specific knockout mice of ACC1. Here we describe our studies of the liver-specific ACC1 knockout mice (LACC1KO). When fed a normal chow, the LACC1KO mice do not exhibit any significant physiological differences from WT mice. When fed a fat-free diet, the LACC1KO mice accumulate less triglyceride in the liver compared with the WT mice. Furthermore, LACC1KO mice have normal glucose levels and slightly elevated insulin levels. These results are in contradiction with the studies reported on mice with liver-specific knockout of FAS, which became hypoglycemic when fed a fat-free diet (23) . We will discuss our observations, the differences between ACC1 and FAS liver-specific knockout mice, and the role of ACC1 produced malonyl-CoA in animal physiology.
Results
Generation of Liver-Specific ACC1 Knockout Mice. The generation of targeting construct, ES cells containing floxed ACC1 allele, and chimeras are described in Materials and Methods and Fig. 1 legend. The C57BL͞6J lox ϩ/Ϫ mice ( Fig. 1) , were interbred to generate mice homozygous for ACC1 alleles with floxed biotin exon (lox ϩ/ϩ ). The lox ϩ/ϩ mice are normal and breed like WT C57BL͞6J mice. Based on the RT-PCR analysis of ACC1 mRNA and ACC1 activity in the liver, the presence of loxP sites in introns 21 and 22 did not affect the expression of functional ACC1. To generate liver-specific ACC1 knockout mice, lox ϩ/ϩ mice were bred with C57BL͞6J mice expressing Cre recombinase under the control of rat albumin promoter to obtain initially heterozygotes (lox ϩ/Ϫ Cre ϩ ). The lox ϩ/Ϫ ͞Cre ϩ progeny was interbred to obtain lox ϩ/ϩ Cre ϩ mice that are expected to contain LACC1KO. When the LACC1KO mice were interbred, the progeny contained lox ϩ/ϩ Cre ϩ and the lox ϩ/ϩ (WT) with the ratios expected from Mendelian segregation of Cre, indicating that there was no embryonic lethality of LACC1KO mice. Moreover, the LACC1KO mice breed normally when interbred, producing lox ϩ/ϩ Cre ϩ mice in the expected numbers.
Liver-Specific Inactivation of ACC1 Leads to Lower Malonyl-CoA Level
and Decreased Hepatic Lipid Accumulation. Based on the PCR and RT-PCR analyses of the DNA and the RNA isolated from the livers of LACC1KO mice, deletion of exon 22 coding for biotin carboxyl carrier protein was Ͼ95% ( Fig. 1 D and E) . To confirm these results further, we have analyzed extracts of the livers of these mice by SDS͞PAGE, followed by Western blotting and detection of ACCs with avidin-peroxidase. As shown by SDS͞ PAGE analysis, deletion of exon 22 generated an in-frame splicing of exons 21 and 23, resulting in a mutant form of ACC1 protein, which is Ϸ10 kDa shorter than the WT ACC1 ( Fig. 2A) . Surprisingly, even though biotin carboxyl carrier protein coding exon is deleted, the mutated ACC1 reacted well with avidinperoxidase, suggesting that there is an alternative biotinylation site in this protein, which is under investigation. Next, we fed a fat-free diet for 2 days after 2 days of fasting to induce the de novo fatty acid synthesis and measured the ACC activities and the levels of malonyl-CoA in the liver extracts of the mice. In crude extracts of the livers, the ACC activity in the WT was 4.9 Ϯ 0.3 nmol⅐min Ϫ1 ⅐mg Ϫ1 protein, and in avidin-Sepharose-purified samples, the activity was 1,614 Ϯ 93 nmol⅐min Ϫ1 ⅐mg Ϫ1 ( Fig. 2 B  and C) . In LACC1KO mice, ACC activity in the crude extracts of the livers and affinity-purified samples were 1.4 Ϯ 0.3 and 408 Ϯ 52 nmol⅐min Ϫ1 ⅐mg Ϫ1 protein, respectively ( Fig. 2 B and C) . Hence, the ACC activity levels in LACC1KO livers were reduced by Ϸ75% of the levels observed in the livers of WT mice. Malonyl-CoA levels in the livers of WT mice were 6.53 Ϯ 0.76 nmol͞g of wet weight and that of LACC1KO mice were 1.99 Ϯ 0.54 nmol͞g of wet weight, indicating a 70% reduction of malonyl-CoA levels in the livers of LACC1KO mice (Fig. 2D) . The low ACC activity and malonyl-CoA levels in the livers and the high efficiency (Ͼ95%) of Cre-mediated deletion of exon 22 ( Fig. 1 D and E) suggested that the mutated ACC1 protein, although biotinylated, does not seem to have carboxylase activity. Hence, the residual ACC activity could be attributed mainly to that of the ACC2 isoform, which might contribute to the levels of malonyl-CoA observed in the livers of LACC1KO mice.
General Characterization of LACC1KO Mice. The body weight and food intake of LACC1KO mice that were fed normal diet were not significantly different from WT mice (Table 1) . To deter- 2 . Analysis of ACC1 expression in the WT and LACC1KO mice. The preparation of liver extracts, affinity purification of biotinylated proteins, and determination of ACC activities were performed as described in Materials and Methods. (A) Avidin-affinity purified proteins from liver homogenates were fractioned by 6% Tris-glycine SDS͞PAGE. The gel was stained with Coomassie (Left, lanes 1-4). A similar gel was electroblotted to nitrocellulose sheet and probed with avidin-horseradish peroxidase (Right, lanes 7-10). The mutated ACC1 protein is 10 kDa less than the WT ACC1. Lanes 5 and 6 show the 250-kDa molecular mass standard. (B and C) ACC activities in the liver extracts and avidin-affinity purified proteins, respectively, of mice (n ϭ 4 -5) after 2 days of fasting, followed by 2 days of refeeding with fat-free diet. Open bars, WT; filled bars, LACC1KO. (D) MalonylCoA content in the livers from mice (n ϭ 5) fed fat-free diet as described in B and C. (E) Liver histology of WT and LACC1KO of mice fed fat-free diet for 28 days. Liver sections were stained with Oil Red O as described in ref. 19. mine whether the loss of ACC1 function in the livers of LACC1KO mice affected the glucose and lipid metabolism of the animal, we measured the levels of various blood constituents of mice that were fed a normal diet. Under nonfasting conditions, the levels of blood glucose, insulin, cholesterol, triglyceride, ketone bodies (␤-hydroxybutyrate) of the WT and LACC1KO mice were similar, however, the nonesterified fatty acid (NEFA) was lower in the LACC1KO mice (Table 1 ). In addition, the weights of livers and the epididymal fat pads were not significantly different in either of these two groups of mice (Table 1) . Interestingly, the liver triglyceride levels in LACC1KO mice were Ϸ40% lower than those of WT mice (Table 1 ). These analyses showed that the reduced de novo fatty acid synthesis in the liver leads to lower accumulation of the triglyceride in the liver. When the mice fasted for 24 h, there were no significant differences between the LACC1KO and WT mice in the parameters analyzed (Table 1) . However, as expected, during fasting, there was a significant increase in liver triglyceride levels in both LACC1KO and WT mice compared to the fed state because of mobilization of extrahepatic TG to liver (Table 1) .
To examine the differences between the WT and LACC1KO under conditions where the de novo fatty acid synthesis in the liver would be enhanced, we fed the mice with a fat-free diet for 10 days. Analyses of blood parameters and other parameters (Table 1) were performed after fasting for 4 h. The lipid accumulations in the liver of LACC1KO were significantly lower (66%) than that in the WT cohorts ( Table 1 ). The NEFA levels in LACC1KO mice were Ϸ30% lower than that in WT mice. There was no significant difference between the fat pad weights of both WT and LACC1KO mice. The levels of blood glucose were not significantly different under these lipogenic conditions; however, the insulin levels were elevated. When the mice were fed with a fat-free diet for 28 days, all of the blood parameters are essentially similar with those mice fed with a fat-free diet for 10 days. The Oil Red O staining of the liver sections showed that the livers of LACC1KO mice accumulated much less lipid than that of WT mice (Fig. 2E) . The liver glycogen contents in LACC1KO mice were not significantly different compared with that in WT mice, as estimated by periodic acid schiff staining of the liver sections (data not shown). The levels of blood glucose and ketone bodies also were not significantly different. Prolonged feeding with fat-free diet until 28 days did not significantly change the ALT levels (32 Ϯ 2.6 U͞liter in WT vs. 27.8 Ϯ 2.8 U͞liter in LACC1KO), indicating that the liver function in those mice were not impaired. Hence, feeding a lipogenic diet (fat-free diet) reduced the lipid accumulation in the livers of LACC1KO but did not alter the glucose homeostasis.
These analyses, although indicating that there is less triglyceride accumulation in the livers of LACC1KO mice, did not help us to determine whether these lipids were synthesized de novo or transferred from the adipose tissues. Hence, we measured the de novo fatty acid synthesis in the primary hepatocytes isolated from WT and LACC1KO mice that were fed a fat-free diet for 2 days by using 14 C-acetate as a precursor. The rate of fatty acid synthesis in LACC1KO hepatocytes, as measured by the incorporation 14 C-acetate into the saponifiable fraction, which contains mainly fatty acids, was Ϸ50% less than those isolated from WT mice (Fig. 3) . Similarly acetate incorporation into the nonsaponifiable fraction, which contains mainly cholesterol, was reduced in LACC1KO hepatocytes to Ϸ40% of that of the WT hepatocytes as shown in Fig. 3 . Analysis of fatty acids synthesized from radioactive acetate by reverse-phase thin layer chromatography revealed that most of the incorporation of 14 C-acetate was into palmitate and significantly less was into the other fatty acids (data not shown). These results were confirmed by determining the levels of various fatty acids of the liver lipids by gas chromatography. As shown in Table 2 , the levels of saturated fatty acids and the monounsaturated fatty acids in LACC1KO liver all were significantly lower than in those of the livers of WT mice when fed a fat-free diet for 10 days. However, based on the The blood samples were taken from 5-to 6-month-old male mice (n ϭ 5-7). The nonfasted groups were fed a normal chow diet ad libitum before the study. The fasted groups of mice were fasted 24 h before the study. The fat-free diet groups of mice were fed with fat-free diet for 10 days. Each value represents the mean Ϯ SEM. * , P Ͻ 0.05 and ** , P Ͻ 0.005. ND, not determined. composition (mol%) of various fatty acids, both WT and LACC1KO livers have similar lipid composition (data not shown). Interestingly, the total fatty acid analysis of total lipids (Table 2 ) indicated that oleate is the predominant constituent of liver lipids. Thus, it appears that the most of the lipids accumulating in the livers of LACC1KO mice after feeding fat-free diet for 10 days contain both the de novo synthesized fatty acids and the fatty acids mobilized from extrahepatic tissues. However, the rates of fatty acid oxidation measured by using 14 C-palmitate in primary hepatocytes isolated from WT and LACC1KO were very similar (data not shown). Further, as shown in Table 1 , the levels of ketone bodies in the blood under fasting conditions were essentially identical in both LACC1KO and WT mice. The observations that the rate of fatty acid oxidation in LACC1KO hepatocytes was not affected by the loss of ACC1-produced malonyl-CoA is consistent with our previous observations (19) , which indicated that only the ACC2-produced malonyl-CoA regulates carnitine palmitoyl transferase 1 activity. To understand the affect of chronic reduction in the de novo fatty acid synthesis in the livers of LACC1KO mice on the expression of various genes involved in lipogenesis, we performed real-time PCR analyses. For these analyses, the mice were fed a fat-free diet for 10 days. As was observed by RT-PCR analysis (Fig. 1) , the real-time PCR analysis also revealed that the albumin-Cre mediated deletion of exon 22 of ACC1 gene in the liver resulted in a 99% loss of the ACC1 mRNA containing biotin-binding domain. Unexpectedly, we found that the levels of mRNA of genes involved in fatty acid synthesis (total ACC1, 3.8-fold, ACC2, 1.8-fold; FAS, 2.9-fold; ATP-citrate lyase, 3.0-fold, and long-chain fatty acid elongase, 3.5-fold) were significantly higher in LACC1KO livers compared with that of the WT mice (Fig.  4A) . Western blot analysis of FAS protein showed the increased gene expression was correlated to increased protein levels (Fig.  4 B and C) . Further FAS activity in LACC1KO mice was 2.2 times higher than that of the WT cohort mice (49.7 Ϯ 2.9 vs. 22.4 Ϯ 1.0 nmol⅐min Ϫ1 ⅐mg Ϫ1 ; P Ͻ 0.01). However, the mRNA levels of ACC1, ACC2, FAS, and ATP-citrate lyase essentially were similar in the epididymal white adipose tissues of the WT and the mutant (data not shown). These results suggest that chronic reduction in fatty acid synthesis in the liver triggers a sensor that up-regulates the expression of the lipogenic genes. The 3.5-fold increases in the expression of each of HNF-4␣ and PPAR␥ (Fig. 4A) suggests that these nuclear factors might play a role in this regulation.
Discussion
The aim of the current studies was to determine the role of liver ACC1 produced malonyl-CoA, and the de novo fatty acid synthesis in lipid metabolism and glucose homeostasis. Liver is a major lipogenic and ketogenic tissue, which plays essential roles in lipid and glucose homeostasis. Lipid accumulation in the liver caused by dysregulation of glucose and lipid metabolism in this tissue is a major cause for hepatic steatosis that is associated with insulin resistance and type 2 diabetes (24) . To understand the role of ACC1 in the liver we generated liver-specific ACC1 knockout mice. LACC1KO mice are apparently normal and breed like WT. Based on the genotyping of the liver DNA and RT-PCR analyses of the liver RNA, the deletion of exon 22 Each value represents the mean Ϯ SEM (n ϭ 5). * , P Ͻ 0.05; ** , P Ͻ 0.005. coding for biotin binding site was essentially complete (Ͼ95%) in LACC1KO mice. After starving the mice for 2 days and refeeding fat-free diet for 2 days the levels of ACC activities in LACC1KO livers were reduced by 75% compared with that of the WT cohorts. Correspondingly, the levels of malonyl-CoA in the livers of mutant mice were Ϸ70% less than those of WT. The incorporation of 14 C-acetate into the fatty acids and cholesterol in mutant hepatocytes was reduced Ϸ50% compared with that of the WT hepatocytes. Interestingly, the levels of triglyceride accumulation in the livers of LACC1KO mice also was reduced by Ϸ40% compared with that of WT. These observations suggest that ACC2 activity and the malonyl-CoA it produces could be contributing to the overall ACC activity and malonyl-CoA levels observed in LACC1KO mice. Our studies with ACC2 knockout mice showed that the ACC activity and malonyl-CoA levels of the liver were not significantly different from those of the WT livers (19) . Hence, it appears that the ACC2 expression͞activity was up-regulated by the loss of functional ACC1 in LACC1KO livers. The analyses of the liver lipid fatty acid composition (Table 2 ) and the de novo synthesized fatty acids indicates that the lipids that accumulate in the livers of LACC1KO mice were derived from both de novo synthesized and the import of fatty acids synthesized from extrahepatic tissues. In addition to reduced triglyceride accumulation in the liver, LACC1KO mice had slightly higher insulin levels in the blood, and the glucose levels were unchanged compared with that of WT (Table 1) when fed a fat-free diet. Although decreased lipid synthesis in the liver was observed in liver-specific SREBP cleavage that was perturbed (25) (26) (27) , there was no effect on blood glucose and insulin levels. However, SREBP is a transcription factor that not only affects the levels of enzymes involved in fatty acid synthesis (ACCs and FAS), it also affects the expression levels of enzymes involved in lipid synthesis.
To study the effect of reduction in cytosolic malonyl-CoA levels in rat livers, An et al. (28) used adenoviral vectors to express a cytosolic form of malonyl-CoA decarboxylase (MCD), which converts malonyl-CoA to acetyl-CoA. These studies showed that the reduction of malonyl-CoA levels in the livers resulted in a significant reduction in the plasma levels of NEFAs and insulin when fed a high-fat diet (28) . Further, the expression of malonyl-CoA decarboxylase in the liver resulted in a reversal of insulin resistance in the muscle and liver of mice fed a high-fat diet due to lowercirculating, free fatty acids and ketone bodies (␤-hydroxybutyrate) in the muscle leading to insulin sensitivity (28) . Consistent with our current studies, An et al. (28) reported that a 7-fold increase in MCD activity in liver only had a modest effect on fatty acid oxidation and did not change the plasma keton bodies. The observation that fatty acid oxidation was not affected in LACC1KO hepatocytes confirmed our previous results that the cytosolic malonyl-CoA produced by ACC1 is not involved in the regulation of fatty acid oxidation in the liver (18) . When LACC1KO mice were fed a HF͞HC diet, the blood glucose, insulin, and NEFAs all are increased significantly compared with their WT cohorts, and the mice had a fatty liver and were insulin resistant. The difference between what we observed by using LACC1KO mice and the studies by using recombinant adenovirus expressing malonyl-CoA decarboxylase could be due to the way malonyl-CoA levels are lowered or due to the HF͞HC diet we used and a high-fat diet their studies used. In addition, MCD is also localized in the peroxisomes, which may affect the oxidation of very long-chain fatty acids. Interestingly, a recent study using i.p. injection of antisense oligonucleotide inhibitors of ACC1 and ACC2 reversed diet-induced hepatic steatosis and hepatic insulin resistance (29) . In these studies, it was shown that antisense oligonucleotide inhibitors of ACC1 significantly reduced mRNA level of this enzyme without significantly altering liver malonyl-CoA levels. Based on the lack of significant reduction in the malonyl-CoA levels, it appears that their antisense oligonucleotides were most effective in reducing ACC2 mRNA and ACC2-produced malonyl-CoA levels and not the ACC1-produced malonyl-CoA levels. These results are expected based on our earlier observation that in ACC1 ϩ/Ϫ heterozygotes, the malonyl-CoA levels were essentially unchanged (18) . Furthermore, LACC1KO mice fed HF͞HC diet did not prevent the hepatic steatosis or insulin resistance as discussed in Results. Based on our ACC2 knockout studies (19) , the reversal of hepatic steatosis and insulin resistance observed by using antisense oligonucletides (29) appears to be mostly due to their affect on reducing ACC2 mRNA levels and ACC2-produced malonyl-CoA.
Recently, Chakravarthy et al. (23) showed that a FAS knockout in liver (FASKOL) resulted in mice mutants that are essentially similar to WT when fed normal chow. However, when FASKOL mice were fed a zero-fat diet for 28 days, they develop fatty liver, hypoglycemia, and hypoinsulinemia, and the levels of blood ketone bodies were decreased. These phenotypes are similar to fasted PPAR␣-deficient mice and could be rectified by using a PPAR␣ agonist. Hence, these authors conclude that synthesis of ''new fat'' in the liver is needed for activation of PPAR␣ (23) . Unlike FASKOL mice, LACC1KO mice accumulated less triglycerides in the liver when fed a fat-free diet for 28 days. One major difference between the liver-FAS knockout mice and the liver-ACC1 knockout mice is that in FASKOL mice, the malonyl-CoA levels were 3-times higher than those of the WT; however, in LACC1KO mice, the malonyl-CoA levels were reduced to Ϸ25% of those of the WT. One might speculate that in FASKOL mice, the elevated levels of malonyl-CoA promote fatty acid elongation in the absence of fatty acid synthesis by FAS, which might deplete the levels of long-chain fatty acids needed for PPAR␣ activation. In LACC1KO mice, there was significant up-regulation of PPAR␥ and several enzymes in the lipogenic pathway, such as FAS, which was up-regulated Ϸ3-fold at the mRNA and protein and activity levels (Fig. 4A) . On the other hand, there was significant decrease of the mRNA of the liver carnitine palmitoyl transferase 1, which together with the increase in ACC2 suggest down-regulation of fatty acid oxidation in the livers of LACC1KO mice (Fig. 4A) . These results may explain why triglyceride levels in the livers were decreased only by Ϸ50% in LACC1KO mice when fed a fat-free diet but remained the same as in WT livers after fasting or when fed a HF͞HC diet.
These results suggest that lowering cytosolic malonyl-CoA and, hence, the de novo fatty acid synthesis through the committed step catalyzed by ACC1, signals to the cells that fatty acid synthesis is needed that, in turn, respond by up-regulating the fatty acid synthesis pathway and down-regulating the fatty acid oxidation pathway. Hence, it appears that malonyl-CoA might play a role as a sensor that activates unidentified transcription factor as suggested by Dowell et al. (30) . In addition, we have shown that in the liver, malonyl-CoA produced by the cytosolic ACC1 is a regulator of de novo fatty acid synthesis. In contrast to previous reports, lowering cytosolic malonyl-CoA in liver did not affect fatty acid oxidation or glucose homeostasis.
Materials and Methods
Animals. C57BL͞6J mice and the transgenic mice expressing Cre recombinase under control of rat albumin promoter (Alb-Cre mice) or adenovirus EIIa promoter (EIIa-Cre mice) were purchased from The Jackson Laboratory. The mice were maintained on a 12-h͞12-h light͞dark cycle and provided with ad libitum access to water and standard rodent chow diet (PicoLab 5053). Some groups of mice were also fed a fat-free diet (catalog no. 901683; MP Biomedicals, Aurora, OH) or HF͞HC diet (catalog no. F3282; Bioserv, Frenchtown, NJ). All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine.
Generation of ACC1 lox mice. The genomic DNA (5Ј arm) we used for the targeting vector has been described in ref. 18 . That DNA contains ACC1 gene sequences spanning from exon 19 to 23. We amplified 3Ј arm DNA (3Ј flanking sequences including exon 23 until exon 25) by PCR with ES cell DNA and combined this DNA fragment to the 5Ј arm DNA through the unique EcoRI site located in intron 22 (Fig. 1 A) . As shown in Fig. 1 , we generated ''floxed'' targeting vector by inserting floxed-neo in intron 21 and a loxP site in intron 22, aiming to eventually delete the floxed exon 22 by Cre recombinase. Deletion of the exon 22 of mouse ACC1, coding for part of biotin carboxyl carrier protein containing biotin-binding site (Met-Lys-Met) would inactivate ACC1 (18) . The generation of transgenic mice was performed as described in refs. 18 and 22. Male chimeras (A32 and A33) were bred with C57BL͞6J mice, and the progeny from one of the chimeras (A32) contained ACC1 ''floxedneo allele,'' as assessed by tail DNA genotyping by Southern blot analysis and PCR. Mice having ACC1 neo allele were mated with EIIa-Cre mice, and the progeny were genotyped for deletion of neo gene, leaving one loxP site in intron 21 and another in inron 22 (lox ϩ/Ϫ ; Fig. 1C, lane 2) . These mice were backcrossed with C57BL͞6J for 8-10 generations to generate a relatively ''pure'' line of lox ϩ/Ϫ C57BL͞6J mice. These mice can be bred with any tissue-specific Cre recombinase expressing mice to eventually generate tissue specific ACC1 knockout mice. PCR genotyping was carried out by using the following primers: for Cre transgene, 5Ј-CGGTCGATGCAACGAGTGAT-3Ј and 5Ј-CCACCGTC-AGTACGTGAGAT-3Ј; for the upstream loxP site, 5Ј-AAGTC-CTCAAGGAGCTGGACA-3Ј and 5Ј-GCTCACTCTGAAGTT-GAGGATG-3Ј; for downstream loxP site, 5Ј-ACCTGGAGCTAG GCTGGTAG-3Ј and 5Ј-CCACTGCAATTCAGTCACCATC-3Ј.
Analyses of ACC1 and FAS Expression in Livers.
Livers resected from mice were snap frozen and ground to powder in liquid nitrogen. The powdered tissues were suspended in 10 ml of PBS containing 0.1 mM PMSF, 5 mM benzamidine, and 5 g͞ml each of protease inhibitors (antitrypsin, leupeptin, aprotinin, and pepstatin), homogenized by using Polytron (3 ϫ 30 sec at high speed), and sonicated briefly to degrade DNA. The extracts were clarified by centrifugation at 16,000 ϫ g for 20 min. The supernatant fluid (crude extract) was subjected to ammonium sulfate (35%) precipitation. The precipitate was collected by centrifugation (23,000 ϫ g for 30 min), dissolved in 1.5 ml of Tris buffer [100 mM Tris (pH 7.5) containing 0.5 M NaCl, 1 mM EDTA, 0.2 mM DTT, and the protease inhibitors described in the extraction buffer above], and the mixture was clarified by centrifugation at 23,000 ϫ g for 30 min. For affinity purification of ACCs, the solution then was incubated with 50 l of avidinSepharose beads for 90 min, and the beads were collected by centrifugation briefly (Ϸ5 sec) at 200 ϫ g and washed three times with Tris buffer described above. The biotin-containing proteins were eluted from the beads by using 50 l of 50 mM Hepes, pH 7.5͞1 mM EDTA͞10% glycerol. The beads were washed two times with 50 l of the same buffer, and the washes were pooled with the eluate. The determination of ACC activity, SDS͞ PAGE, and Western blot analysis were performed as described in ref. 18 . FAS expression levels and activity were analyzed in the crude extracts as described in ref. 22 .
Blood Metabolite Assays. Whole blood glucose and ␤-hydroxybutyrate were measured with a Glucometer Precision Xtra (Abbott). Insulin was measured by a mouse insulin ELISA kit (Mercodia, Winston Salem, NC) with mouse insulin as the standard. Serum alanine aminotransferase, triglyceride and cholesterol measurements were done by the Comparative Pathology Laboratory (Baylor College of Medicine). Serum NEFAs were measured by using NEFA C kit (Wako Chemicals, Richmond, VA).
Tissue Triglyceride and Cholesterol Contents. Liver triglyceride and cholesterol contents were carried out as described in ref. 31 by using Cholesterol E Kit (Wako Chemicals) and Infinity Triglyceride Kit (Thermo Electron), adapted for colorimetric analysis in 96-well plate format.
Quantitative Real-Time PCR. Total RNA was prepared from mouse tissues by using TRIzol reagent (Invitrogen). Equal amounts of RNA from five mice were pooled and treated with DNase I (Turbo DNA-free; Ambion). The real-time PCR was performed as described in ref. 21 . Primer sequences are available upon request.
